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(57) ABSTRACT

An improvement is made in the reliability of a semiconduc-
tor device having a split gate type MONOS memory. An
ONO film covering a control gate electrode, and a dummy
memory electrode gates are formed, and then a diffusion
region on a source-region-side of a memory to produced is
formed across the dummy memory electrode gates. Subse-
quently, the dummy memory electrode gates is removed, and
then a memory gate electrode is formed which is smaller in
gate length than the dummy memory electrode gates. There-
after, an extension region on the source-region-side of the
memory is formed.
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METHOD FOR PRODUCING A
SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The disclosure of Japanese Patent Application No. 2015-
070432 filed on Mar. 30, 2015 including the specification,
drawings and abstract is incorporated herein by reference in
its entirety.

BACKGROUND

The present invention relates to a method for producing a
semiconductor device, and is usable for producing, for
example, a semiconductor device having a nonvolatile
memory.

As an electrically writable/erasable nonvolatile semicon-
ductor memorizing unit, an EEPROM (electrically erasable
and programmable read only memory) is widely used. Such
a memorizing unit is a unit having a conductive floating gate
electrode surrounded by an oxide film, or a trapping insu-
lating film below a gate electrode of a MISFET, and is a unit
in which a charge accumulating state in the floating gate or
the trapping insulating film (charge holding part) is used as
a memory data, and the data is read as a threshold of the
transistor.

The trapping insulating film is an insulating film in which
a charge can be accumulated. An example thereof is a silicon
nitride film. By injecting a charge into such a charge
accumulating region and discharging the charge therefrom,
the threshold of the MISFET is shifted, thereby causing the
MISFET to act as a memorizing element. An example of the
trapping-insulating-film-used nonvolatile semiconductor
memorizing unit is a split gate type cell using a MONOS
(metal oxide nitride oxide semiconductor) film.

Patent Literature 1 (Japanese Unexamined Patent Appli-
cation Publication No. 2009-302269) states that in a split
gate type MONOS memory, a dummy ONO (oxide nitride
oxide) film and a dummy memory gate electrode are formed,
and thereafter ions are implanted into the workpiece to form
source/drain regions and subsequently a memory gate elec-
trode and an ONO film are re-formed into the workpiece.

In a process for producing split gate type MONOS
memories, in the case of implanting ions into their work-
piece across their memory gate electrodes in a non-crystal-
line state in order to form diffusion regions of their source/
drain regions, the following problem is caused: when the ion
implantation introduces an impurity into the non-crystalline
state memory gate electrodes and then the memory gate
electrodes are crystallized, crystal grains configured as the
respective memory gate electrodes are varied in shape
between these electrodes, so that properties of the memory
cells may be unfavorably varied between the electrodes.
Moreover, the impurity ions are implanted across the
memory gate electrodes into an ONO film of the cells which
includes a trapping insulating film, so that the cells are
deteriorated in charge holding property and others.

In order to prevent these problems, known is a method of
performing the following steps in turn: the steps of forming
dummy memory gate electrodes in the workpiece; implant-
ing ions thereinto for forming diffusion regions; removing
the dummy memory gate electrodes; and forming memory
gate electrodes and an ONTO film again.

However, when the dummy memory gate electrodes and
the memory gate electrodes are formed to have substantially
the same gate length, problems are caused that it is difficult

10

15

20

25

30

35

40

45

50

55

60

65

2

to form L.DD (lightly doped drain) structures, and further the
memory cells are deteriorated in cut-off characteristic when
not operated.

Other problems, and other novel features of the present
invention will be made evident from the description of the
present specification, and the attached drawings.

SUMMARY

A summary of a typical aspect of the present invention is
in brief as follows:

The method of the aspect for producing a semiconductor
device is a method of performing the following steps in turn
when a split gate type MONOS memory is performed: the
steps of forming a dummy memory gate electrode, and a
source-region-side diffusion region of the memory in turn;
removing the dummy memory gate electrode; forming a
memory gate electrode; and forming an extension region of
the source region side of the memory.

According to the aspect, the resultant semiconductor
device can be improved in reliability.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a sectional view illustrating a step in a semi-
conductor device producing method which is an embodi-
ment of the present invention.

FIG. 2 is a sectional view illustrating a step after the step
in FIG. 1.

FIG. 3 is a sectional view illustrating a step after the step
in FIG. 2.

FIG. 4 is a sectional view illustrating a step after the step
in FIG. 3.

FIG. 5 is a sectional view illustrating a step after the step
in FIG. 4.

FIG. 6 is a sectional view illustrating a step after the step
in FIG. 5.

FIG. 7 is a sectional view illustrating a step after the step
in FIG. 6.

FIG. 8 is a sectional view illustrating a step after the step
in FIG. 7.

FIG. 9 is a sectional view illustrating a step after the step
in FIG. 8.

FIG. 10 is a sectional view illustrating a step after the step
in FIG. 9.

FIG. 11 is a sectional view illustrating a step after the step
in FIG. 10.

FIG. 12 is a sectional view illustrating a step after the step
in FIG. 11

FIG. 13 is a sectional view illustrating a step after the step
in FIG. 12.

FIG. 14 is a sectional view illustrating a step in a
semiconductor device producing method which is a com-
parative example.

FIG. 15 is a table chart showing an example of conditions
of voltages applied to individual moieties of a selected
memory cell at the time of “writing”, “erasing” and “read-
ing”.

DETAILED DESCRIPTION

Hereinafter, with reference to the drawings, an embodi-
ment of the present invention will be described in detail. In
all the drawings referred to for describing the embodiment,
the same reference number is attached to the same members.
About the same members, detailed overlapped descriptions
thereabout will be omitted. In the embodiment, about parts
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or portions equivalent or similar to each other to each other,
a repeated description is not made in principle unless
especially needed.

Semiconductor devices in the present embodiment are
each a semiconductor device having a nonvolatile memory
(nonvolatile memorizing element, flash memory or nonvola-
tile semiconductor memorizing unit). The nonvolatile
memory described herein is a split gate type MONOS
memory (hereinafter referred to merely as a MONOS
memory). The embodiment will be described about a case
where the nonvolatile memory is a memory cell that is
basically an n-channel type MISFET (metal insulator semi-
conductor field effect transistor).

In the present embodiment, the polarities (of applied
voltage and the conductivity type of carriers at the time of
writing, erasing and reading data) are those for describing
actions of the memory cell, which is basically an n-channel
type MISFET. When the nonvolatile memory is a memory
cell that is basically a p-channel type MISFET, the same
actions can be in principle gained by reversing the respective
polarities of the applied voltage, the conductivity type of the
carriers, and any other factor concerned to each other.

A mask referred to in the present invention denotes a
protective film (etching mask) used to protect one or more
out of objective matters from being etched, or a protective
film (ion implantation blocking mask) used to protect one or
more out of objective matters from being subjected to ion
implantation.
<About Method for Producing Semiconductor Devices>

With reference to FIGS. 1 to 13, a description will be
made about a method of the present embodiment for pro-
ducing semiconductor devices.

FIGS. 1 to 13 are each a sectional view of a step in a
semiconductor device production process according to the
method of the present embodiment. The description made
herein is about a case where n-channel type MISFETs
(control transistors and memory transistors) are formed.
However, by reversing the polarity of the conductivity type
of the transistors, p-channel type MISFETs (control transis-
tors and memory transistors) can be formed.

In the semiconductor device production process, as illus-
trated in FIG. 1, prepared is initially a semiconductor
substrate (semiconductor wafer) SB having a specific resis-
tivity of, for example, about 1 to 100 Q2cm and made of, for
example, p-type monocrystal silicon (Si). Subsequently,
trenches are made in a main surface of the semiconductor
substrate SB, and element isolation regions (not illustrated)
are formed in the trenches. The element isolation regions are
made of, for example, a silicon oxide film, and can be
formed by an STI (shallow trench isolation) method. How-
ever, the element isolation regions may be formed by, for
example, a LOCUS (local-oxidization-of-silicon) method. A
region illustrated in FIG. 1 is a region in which memory cells
are to be later formed.

Subsequently, ions are implanted to the main surface of
the semiconductor substrate SB to form a p-type well WL in
the semiconductor substrate SB. The formation of the well
WL is attained by implanting a p-type impurity (for
example, B (boron)) to the main surface to have a relatively
low concentration. The well WL is formed from the main
surface of the semiconductor substrate SB to a middle depth
of the semiconductor substrate SB. Thereafter, the semicon-
ductor substrate SB is annealed to diffuse the impurity inside
the well WL. For reference, in a region of the semiconductor
substrate SB where p-type field effect transistors, or memory
cells including the transistors, respectively, an n-type well is
formed by implanting ions of an n-type impurity (for

30

40

45

50

55

4

example, arsenic (Ar) or P (phosphorus)) to a main surface
of the semiconductor substrate SB, which is neither illus-
trated nor detailed.

Subsequently, the workpiece is subjected to, for example,
thermal oxidization to form an insulating film IF1 having a
relatively small film thickness onto the upper surface of the
semiconductor substrate SB, which is exposed. In this way,
the upper surface of the semiconductor substrate SB is
covered with the insulating film IF1. The insulating film IF1
is, for example, a silicon oxide film. Thereafter, for example,
a CVD (chemical vapor deposition) method is used to forma
silicon film SF1 over the whole of the main surface of the
semiconductor substrate SB. In this way, the silicon film SF1
is formed over the semiconductor substrate SB to interpose
the insulating film IF1 therebetween. The silicon film SF1 is
a conductor film for forming control gate electrodes CG that
will be later detailed.

It is allowable to form an amorphous silicon film, and
subsequently anneal this amorphous silicon film to be
changed to the silicon film SF1 that is a polycrystalline
silicon film. The silicon film SF1 is rendered a low-resis-
tance conductor film by implanting ions of an n-type impu-
rity (for example, arsenic (As) or P (phosphorus)) into this
film after the formation of the film without introducing any
impurity into the film when the film is formed, and subse-
quently annealing the workpiece to diffuse the impurity.

Next, as illustrated in FIG. 2, a photolithographic tech-
nique and a dry etching method are used to etch the
workpiece anisotropically, thereby removing each of the
silicon film SF1 and the insulating film IF1 partially. In this
way, the main surface of the semiconductor substrate SB is
partially made exposed.

The silicon film SF1 is divided into plural patterns lined
up in a first direction along the main surface of the semi-
conductor substrate SB. Each of these silicon film SF1
elements is configured as one of the control gate electrodes
CG. Each of the formed control gate electrodes CG is
extended in the direction along the main surface of the
semiconductor substrate SB and in a second direction
orthogonal to the first direction, that is, in a direction
perpendicular to the paper surface of FIG. 2. Through this
etching step, a gate insulating film G1 is also formed which
is the insulating film IF1.

Next, as illustrated in FIG. 3, an ONO (oxide-nitride-
oxide) film ON1 is formed on the whole of the main surface
of the semiconductor substrate SB, this film ON1 being a
laminated film that is to be partially turned to the gate
insulating film, which is a gate insulating film of memory
transistors. The ONO film ON1 covers the upper surface of
the semiconductor substrate SB, and any side surface and
any upper surface of each laminated film that is made of the
gate insulating film G1 and one of the control gate electrodes
CG.

The ONO film ON1 is an insulating film having therein
charge accumulating portions. Specifically, the ONO film
ON1 is a laminated film made of a first silicon oxide film
(bottom oxide film) OX1 formed on the semiconductor
substrate SB, a silicon nitride film N1 formed on the first
silicon oxide film OX1, and a sacrifice silicon oxide film
(top oxide film) OX2 formed on the silicon nitride film N1.
The silicon nitride film N1 is a trapping insulating film
functioning as the charge accumulating part, that is, a charge
accumulating film. The sacrifice silicon oxide film OX2 is a
sacrifice film that will be removed in a subsequent step to be
substituted with a different top oxide film configured as
portions of the memory cells.
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The first silicon oxide film OX1 and the sacrifice silicon
oxide film OX2 can be formed by, for example, an oxidizing
treatment (thermally oxidizing treatment), a CVD method,
or a combination thereof. At this time, the oxidizing treat-
ment may be ISSG oxidization. The silicon nitride film N1
can be formed by, for example, a CVD method. The thick-
ness of each of the first silicon oxide film OX1 and the
sacrifice silicon oxide film OX2 is, for example, from about
2 to 10 nm, and that of the silicon nitride film N1 is, for
example, from about 5 to 15 nm.

Subsequently, for example, a CVD method is used to form
a silicon film SF2 over the whole of the main surface of the
semiconductor substrate SB to cover the outer surface of the
ONO film ONI1. In this way, any side wall and any upper
surface of the ONO film ON1, which are exposed, are
covered with the silicon film SF2. In other words, the silicon
film SF2 is formed over the side walls of the control gate
electrodes CG to interpose the ONO film ONI1 therebe-
tween. The film thickness of the silicon film SF2 formed in
this step has a value equivalent to a value obtained by adding
the gate length of a memory gate electrode configured as a
part of each of the memory cells, which will be later formed,
to the gate-length-direction width of a side wall made of an
insulating film and adjacent to the memory gate electrode.

Next, as illustrated in FI1G. 4, the silicon film SF2 is etched
back by a dry etching method to make the upper surface of
the ONO film ON1 partially exposed. The partial surface
made exposed in this step is the upper surface of ONO film
ON1 portions contacting the main surface of the semicon-
ductor substrate SB, and the upper surface of ONO film ON1
portions just above the control gate electrodes CG.

In this etching back step, by subjecting the silicon film
SF2 to the etching back (anisotropic etching), the silicon
film SF2 is caused to remain into a side wall form on the
respective outer sides of both-side side walls of each lami-
nated film structure made of the gate insulating film GI and
one of the control gate electrodes CG to interpose the ONO
film ON1 between the silicon film SF2 and the structure. The
side-wall-form silicon film SF2 remaining after this opera-
tion is configured as dummy memory gate electrodes DMG.
The dummy memory gate electrodes DMG correspond to a
sacrifice film that will be removed in a subsequent step and
be substituted with different memory gate electrodes con-
figured as respective parts of the memory cells.

The gate length of each of the dummy memory gate
electrodes DMG has a value equivalent to a value obtained
by adding the gate length of the memory gate electrode
configured as a part of each of the memory cells, which will
be later formed, to the gate-length-direction width of the side
wall, which is is made of the insulating film and is adjacent
to the memory gate electrode.

Next, as illustrated in FIG. 5, a photoresist film PR1 is
formed to cover the dummy memory gate electrode DMG
adjacent to one of the both-side side walls of each of the
control gate electrodes CG. The photoresist film PR1 covers
the whole of this one-side dummy memory gate electrode
DMG, and makes the other dummy memory gate electrode
DMG exposed. One of the first-direction ends of the pho-
toresist film PR1 is terminated just above a portion of the
ONO film ON1 on the control gate electrode CG.

Thereafter, the photoresist film PR1 is used as a mask to
implant ions into the workpiece, thereby forming diffusion
regions (impurity diffusion regions, or n*-type semiconduc-
tor regions) DF1 into the main surface of the semiconductor
substrate SB. Subsequently, the photoresist film PR1 is
removed. The diffusion regions DF1 are each a semicon-
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6

ductor region configured as a source region of each of the
memory cells, which will be later formed.

Specifically, the photoresist film PR1, portions of the
control gate electrodes CG and portions of the dummy
memory gate electrodes DMG are used as a mask to intro-
duce n-type impurities (arsenic (As) and phosphorus (P))
into the main surface of the semiconductor substrate SB by
an ion implanting method to give a relatively high concen-
tration. The impurity ions hit at this time are passed through
the ONO film ON1 made exposed from the photoresist film
PR1 and the dummy memory gate electrodes DMG to be
implanted into the main surface of the semiconductor sub-
strate SB. In this way, the diffusion regions DF1 are formed.

The reason why in this ion implanting step the two
impurity ion species of arsenic (As) and phosphorus (P) are
introduced as the n-type impurities to form the diffusion
regions DF1 is that the memory cells, which will be later
formed, are improved in leakage property. In such a case,
implanting conditions for implanting the impurity ions of
phosphorus are set as follows: an implanting energy of 10
keV and a dose of 2x10*®> cm™2. Implanting conditions for
implanting the impurity ions of arsenic are set as follows: an
implanting energy of 20 keV and a dose of 2x10"> cm™2.

In this step, the impurity ions are implanted into portions
of the ONO film ON1 that are made exposed from the
photoresist film PR1 and the dummy memory gate elec-
trodes DMG to give a relatively high concentration. As a
result, the ONO film ON1 is damaged. When the ONO film
ONT1 having the thus damaged portions is used as a charge
holding film, a problem is caused that the film is deteriorated
in charge holding property.

Additionally, the depth of the formed diffusion regions
DF1 is relatively large so that in the diffusion-region-DF1-
forming step, the impurity ions may be passed through the
inside of the dummy memory gate electrodes DMG portions
made exposed from the photoresist film PR1 to be implanted
into sacrifice silicon oxide film OX2 portions just below the
dummy memory gate electrodes DMG. In this case, the
sacrifice silicon oxide film OX2 is damaged. As a result,
when this sacrifice silicon oxide film OX2 is used as a top
oxide film of a charge holding film of the memory cells, a
problem is caused that this film OX2 is deteriorated in
charge holding property. In this case, the impurity ions are
introduced also into silicon nitride film N1 portions and first
silicon oxide film OX1 portions just below the dummy
memory gate electrodes DMG.

Just after the formation of the diffusion regions DF1,
annealing for activating the diffusion regions DF1 is not
performed. The activating annealing to the impurity-im-
planted semiconductor regions will be performed after a
source/drain-region-forming step that will be later detailed
with reference to FIG. 11.

Next, as illustrated in FIG. 6, the workpiece is subjected
to, for example, wet etching to remove each of the dummy
memory gate electrodes DMG formed adjacent to the both-
side side walls of each of the control gate electrodes CG.
Thereatfter, the sacrifice silicon oxide film OX2 is removed.
In this way, the silicon nitride film N1 is made exposed.

Next, as illustrated in FIG. 7, a second oxide silicon film
(top oxide film) OX3 is formed over the whole of the main
surface of the semiconductor substrate SB to cover the outer
surface of the silicon nitride film N1, using, for example, a
CVD method. In this way, the exposed side walls and upper
surface of the silicon nitride film N1 are covered with the
second oxide silicon film OX3. The first silicon oxide film
0OX1, the silicon nitride film N1 and the second oxide silicon
film OX3 are configured as an ONO film ON2.
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Subsequently, a silicon film SF3 is formed over the whole
of the main surface of the semiconductor substrate SB,
using, for example, a CVD method. In this way, the exposed
side walls and upper surface of the ONO film ON2 are
covered with the silicon film SF3. In other words, the silicon
film SF3 is formed over the side walls of the control gate
electrodes CG to interpose the ONO film ON2 therebe-
tween. The silicon film SF3 is formed as a non-doped
amorphous silicon film at the time of the formation. In short,
the silicon film SF3 is an intrinsic semiconductor when
formed. Moreover, the silicon film SF3 is a film which is to
be poly-crystallized into a polysilicon film by effect of, for
example, annealing to be performed after the formation of
source/drain regions which will be later detailed with ref-
erence to FIG. 11.

The silicon film SF3 is smaller in film thickness than the
silicon film SF2 illustrated in FIG. 3.

The wording “film thickness™ as described herein denotes,
when a film having the film thickness is a specified film, the
thickness of the film in a direction perpendicular to the outer
surface of an underlay of the film. For example, when a
portion of the silicon film SF3 is formed on, for example, the
upper surface of the ONO film ON2 or any other surface
along the main surface of the semiconductor substrate SB to
be along the upper surface or the other surface, the film
thickness of the silicon film SF3 denotes the thickness of the
silicon film SF3 in a direction perpendicular to the main
surface of the semiconductor substrate SB. In the case of a
portion of the silicon film SF3 that is formed to contact any
one of the side walls of the ONO film ON2 or any other wall
perpendicular to the main surface of the semiconductor
substrate SB, the film thickness of the silicon film SF3
denotes the thickness of the silicon film SF3 in a direction
perpendicular to the side wall.

Next, as illustrated in FIG. 8, the silicon film SF3 is etched
back by a dry etching method to make the upper surface of
the ONO film ON2 partially exposed. The partial surface
made exposed in this step is the upper surface of ONO film
ON2 portions contacting the main surface of the semicon-
ductor substrate SB, and the upper surface of ONO film ON2
portions just above the control gate electrodes CG.

In this etching back step, by subjecting the silicon film
SF3 to the etching back (anisotropic etching), the silicon
film SF3 is caused to remain into a side wall form on a side
of one of the both-side side walls of each of the laminated
film structures, which is made of the gate insulating film GI
and one of the control gate electrodes CG, to interpose the
ONO film ON2 between the silicon film SF3 and the
laminated film structure. In this way, a memory gate elec-
trode MG made of the silicon film SF3 remaining in the side
wall form is formed onto one of the both-side side walls of
the laminated film to interpose the ONO film ON2 between
the side wall and the electrode MG.

Subsequently, a photolithographic technique is used to
form, over the semiconductor substrate SB, a photoresist
pattern (not illustrated) that covers the memory gate elec-
trode MG adjacent to one of both the side walls of each of
the control gate electrodes CG, and that makes the silicon
film SF3 adjacent to the other side wall of the control gate
electrode CG exposed. Thereafter, the photoresist pattern is
used as an etching mask to remove the silicon film SF3
formed at a side of the workpiece that is opposite, across the
control gate electrode CG, to the memory gate electrode MG
side of the workpiece. Thereafter, the photoresist pattern is
removed. Since the memory gate electrode MG is covered
with the photoresist pattern at this time, the memory gate
electrode MG remains without being etched.
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Subsequently, portions of the ONO film ON2 that are
exposed without being covered with the memory gate elec-
trodes MG are etched (for example, wet-etched) to be
removed. At this time, ONO film ON2 portions just below
the memory gate electrodes MG remain without being
removed. In the same manner, portions of the ONO film
ON2 remain which are each positioned between the lami-
nated film structure, which includes the gate insulating film
GI and one of the control gate electrodes CG, and the
corresponding memory gate electrode MG. The other por-
tions or regions of the ONO film ON2 are removed so that
the upper surface of the semiconductor substrate SB is made
exposed, and further the respective upper surfaces of the
control gate electrodes CG are made exposed. Out of the
side walls of each of the control gate electrodes CG, a side
wall uncovered with any one of the memory gate electrodes
MG is made exposed.

At this time, the ONO film ON1 is wholly removed,
which has received the ion implantation since this film has
been made exposed from the photoresist film PR1 and the
dummy memory gate electrodes DMG in the ion implanting
step described with reference to FIG. 5.

Each of the memory gate electrodes MG, and the corre-
sponding diffusion region DF1 are apart from each other in
the gate-length-direction (first direction) of the memory gate
electrode MG. This is because the gate length of each of the
dummy memory gate electrodes DMG used as the mask in
the ion implanting step described with reference to FIG. 5 is
longer than that of each of the memory gate electrodes MG.
The herein-described gate length of the dummy memory
gate electrode DMG denotes the gate-length-direction (first-
direction) width of the dummy memory gate electrode
DMG, this gate-length-direction being the gate-length-di-
rection of the control gate electrodes CG.

As described above, each of the memory gate electrodes
MG is formed over the semiconductor substrate SB to be
adjacent to one of the control gate electrodes CG and to
interpose the ONO film ON2, which has therein the charge
accumulating portions, between the semiconductor substrate
SB and the memory gate electrode MG. The memory gate
electrode MG is formed in a region adjacent to the control
gate electrode CG and over the main surface of the semi-
conductor substrate SB to interpose the ONO film ON2
between the memory gate electrode MG and the semicon-
ductor substrate SB. In short, the ONO film ON2 has an
L-shaped sectional shape.

Next, as illustrated in FIG. 9, a photolithographic tech-
nique is used to form a photoresist film PR2 over the
semiconductor substrate SB. The photoresist film PR2 is a
film which is terminated just above each of the control gate
electrodes CG and covers the corresponding diffusion region
DF1 and memory gate electrode MG. In other words, the
photoresist film PR2 makes the following out of regions on
sides of the control gate electrode CG exposed: a main
surface region of the semiconductor substrate SB where the
memory gate electrode MG and the diffusion region DF1 are
not formed.

Subsequently, the photoresist film PR2 is used as a mask
to implant ions into the workpiece to form extension regions
(impurity diffusion regions, or n~-type semiconductor
regions) EX2 in the main surface of the semiconductor
substrate SB. Specifically, the photoresist film PR2 and
portions of the control gate electrodes CG are used as a mask
(ion implantation blocking mask) to introduce an n-type
impurity such as arsenic (As) into the main surface of the
semiconductor substrate SB by an ion implanting method,
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thereby forming the extension regions EX2. Thereafter, the
photoresist film PR2 is removed.

Before the formation of the photoresist film PR2 and the
extension regions EX2, for example, a silicon nitride film, a
silicon oxide film, or a laminated film of the two films may
be used to form an offset spacer for covering side walls of
each structures made of the gate insulating film GI, one of
the control gate electrodes CG, the ONO film ON2, and the
memory gate electrode MG corresponding to the electrode
CG, this situation being not illustrated.

Next, as illustrated in FIG. 10, a photolithographic tech-
nique is used to form a photoresist film PR3 over the
semiconductor substrate SB. The photoresist film PR3 is a
film which is terminated just above each of the control gate
electrodes CG, covers the corresponding extension region
EX2, and makes the corresponding diffusion regions DF1
and memory gate electrode MG exposed. In other words, the
photoresist film PR3 makes the following out of regions on
sides of the control gate electrode CG exposed: a main
surface SB region of the semiconductor substrate SB where
the memory gate electrode MG and the diffusion region DF1
are formed.

Subsequently, the photoresist film PR3 is used as a mask
to implant ions into the workpiece to form extension regions
(impurity diffusion regions, or n”-type semiconductor
regions) EX1 in the main surface of the semiconductor
substrate SB. Specifically, the photoresist film PR3, portions
of the control gate electrodes CG, the memory gate elec-
trodes MG and others are used as a mask (ion implantation
blocking mask) to introduce an n-type impurity such as
arsenic (As) into the main surface of the semiconductor
substrate SB by an ion implanting method, thereby forming
the extension regions EX1. Thereafter, the photoresist film
PR3 is removed.

The extension regions EX1 are formed by ion implanta-
tion at a lower dose and a lower energy than by the ion
implantation performed to form the diffusion regions DF1.
Accordingly, the impurity ions hit onto the respective upper
surfaces of the memory gate electrodes MG in the step of
forming the extension regions EX1 do not reach the respec-
tive lower surfaces of the memory gate electrodes MG.

The ions of phosphorus (P) and arsenic (As) as impurities
have been introduced into the first silicon oxide film OX1
and the silicon nitride film N1 by the ion implantation
described with reference to FIG. 5. However, the memory
gate electrodes MG are not used as the mask for forming the
diffusion regions, and are used as a mask only in the ion
implanting step of hitting arsenic (As) to form the extension
regions EX1.

Accordingly, the ratio of the phosphorus (P) concentration
to the arsenic (As) concentration in the memory gate elec-
trodes MG is smaller than the ratio of the phosphorus (P)
concentration to the arsenic (As) concentration in each of the
first silicon oxide film OX1 and the silicon nitride film N1.
In other words, the ratio of the phosphorus (P) concentration
to the arsenic (As) concentration in the memory gate elec-
trodes MG is smaller than the ratio of the phosphorus (P)
concentration to the arsenic (As) concentration in the ONO
film ON2. This matter is also true in the memory cells that
will have been completed.

Consequently, the second oxide silicon film OX3 is lower
in impurity concentration than the first silicon oxide film
OX1 and the silicon nitride film N1. This matter is also true
in the memory cells, which will have been completed.

Next, as illustrated in FIG. 11, side walls SW are formed
which are each an insulating film covering respective side
walls of each of the above-mentioned structures on both
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sides of the structure. The side walls SW can be formed in
a self-alignment manner by using, for example, a CVD
method to form, for example, a silicon oxide film and a
silicon nitride film in turn over the semiconductor substrate
SB, and removing the silicon oxide film and the silicon
nitride film partially by anisotropic etching, thereby making
the respective upper surfaces of the semiconductor substrate
SB, the control gate electrodes CG and the memory gate
electrodes MG exposed.

In conclusion, one of the paired side walls SW is formed
to contact one of the side walls of the memory gate electrode
MG of the structure while the other side wall SW is formed
to contact one of the side walls of the control gate electrodes
CQG thereof. It is conceivable that a laminated film is used to
form the side walls. However, in the figure, an interface
between films configured as the laminated film is not illus-
trated.

Subsequently, a photolithographic technique is used to
form a photoresist film PR4 over the semiconductor sub-
strate SB. The photoresist film PR4 is a film which is
terminated just above each of the control gate electrodes CG,
covers the corresponding extension region EX1, diffusion
region DF1 and memory gate electrode MG, and the side
wall adjacent to the memory gate electrode MG, and makes
the side wall SW adjacent to the control gate electrode CG,
and the corresponding extension region EX2 exposed. In
other words, the photoresist film PR4 is a protective film for
making the following out of regions on sides of the control
gate electrode CG exposed: a main surface SB region of the
semiconductor substrate SB where the extension region EX2
is formed.

Subsequently, the photoresist film PR4 is used as a mask
to implant ions into the workpiece to form diffusion regions
(impurity diffusion regions or n*-type semiconductor
regions) in the main surface of the semiconductor substrate
SB.

Specifically, the photoresist film PR4, portions of the
control gate electrodes CG, the side walls SW and others are
used as a mask to introduce n-type impurities (arsenic (As)
and phosphorus (P)) into the main surface of the semicon-
ductor substrate SB by an ion implanting method to give a
relatively high concentration. Thereafter, the photoresist
film PR4 is removed.

The reason why in this ion implanting step the two
impurity ion species of arsenic (As) and phosphorus (P) are
introduced as the n-type impurities to form the diffusion
regions DF2 is that the memory cells referred to above,
which are memory cells MC in FIG. 11, are improved in
leakage property. In such a case, implanting conditions for
implanting the impurity ions of phosphorus are set as
follows: an implanting energy of 10 keV and a dose of
2x10" em™. Implanting conditions for implanting the
impurity ions of arsenic are set as follows: an implanting
energy of 20 keV and a dose of 2x10'® cm™.

Each of the extension regions EX1 and EX2 are smaller
in extension-region-formed depth (junction depth) than any
one of the diffusion regions DF1 and Df2. Each of the
extension regions EX1 is formed to contact the correspond-
ing diffusion region DF1, and each of the extension regions
EX2 is formed to contact the corresponding diffusion region
DF2. In this way, the following are configured as paired
source-drain regions: the extension region EX1 and the
diffusion region DF1, which is a diffusion layer higher in
impurity concentration than the extension region EX1; and
the extension region EX2 and the diffusion region DF2,
which is a diffusion layer higher in impurity concentration



US 9,472,655 Bl

11

than the extension region EX2. The source drain regions
have an LDD (lightly doped drain).

In short, between the diffusion region DF1 and the dif-
fusion region DF2, the extension regions EX1 and EX2 are
formed to be lined up. Moreover, the well WL between the
extension regions EX1 and EX2 and near the main surface
of the semiconductor substrate SB is a channel region in
which a channel is formed when the memory cell MC
concerned acts.

The control transistors and the memory transistors are
each configured as a MISFET. In the MISFET, a diffusion
region relatively high in impurity concentration and an
extension region relatively low in impurity concentration are
configured as source/drain regions, and the extension region
is formed at a position nearer to the channel region of the
MISFET than the diffusion region, so that the depth of the
formed diffusion region can be made small while an increase
in the resistance value of the source/drain regions can be
prevented. Moreover, the generation of hot electrons can be
prevented. Accordingly, the formation of the L.DD structure
makes it possible to heighten the short channel MISFET in
reliability to produce an advantageous effect that the semi-
conductor device concerned is easily made fine.

Subsequently, the workpiece is subjected to activating
annealing, which is a thermal treatment for activating the
impurities introduced into, for example, the semiconductor
regions (the extension regions EX1 and EX2, and the
diffusion regions DF1 and DF2) configured as the source
regions and drain regions.

Each of the control gate electrodes CG, and the paired
source/drain regions on sides of the control gate electrode
CG are configured as one of the control transistors. Each of
the memory gate electrodes MG, and the paired source/drain
regions on sides of the memory gate electrode MG are
configured as one of the memory transistors. Specifically,
each of the extension regions EX1, and the corresponding
diffusion region DF1 are configured as the source region of
any one of the control transistors and the memory transis-
tors; and each of the extension regions EX2, and the
corresponding diffusion region DF2 are configured as the
drain region of any one of the control transistors and the
memory transistors.

The control transistors and the memory transistors are
each configured as one of the memory cells MC, which are
memory cells of a split gate type MONOS memory. Thus,
through the above-mentioned process, the memory cells MS
can be produced.

In the present embodiment, the memory gate electrodes
MG are not used as the mask for forming the diffusion
regions, and are used as the mask only in the ion implanting
step for forming the extension regions EX1. Thus, the
memory gate electrodes MG are smaller in impurity con-
centration than each of the diffusion regions DF1 and DF2.
This is also true in the completed memory cells.

Phosphorus (P) and arsenic (As), which are impurity ions,
are introduced into the first silicon oxide film OX1 and the
silicon nitride film N1 by the ion implantation described
with reference to FIG. 5; however, after the formation of the
second oxide silicon film OX3, the memory gate electrodes
MG on the second oxide silicon film OX3 are not used as a
mask for forming any diffusion region. Furthermore, as
described above, in the ion implanting step for forming the
extension regions EX1, the impurity ions hit onto the
respective upper surfaces of the memory gate electrodes MG
do not reach the second oxide silicon film OX3.

Next, as illustrated in FIG. 12, a silicide layer S1 is
formed. The silicide layer S1 can be formed by performing

25

30

40

45

65

12

the so-called silicide (self aligned silicide) process. Specifi-
cally, the silicide layer S1 can be formed as follows:

Initially, a metal film for forming the silicide layer S1 is
formed (deposited) over the whole of the main surface of the
semiconductor substrate SB, which includes the respective
upper surfaces of the diffusion regions DF1 and DF2, the
control gate electrodes CG and the memory gate electrodes
MG. The metal film may be a film of a simple-metal film
(pure metal film), or an alloy film. The metal film is, for
example, a cobalt (Co) film, a nickel (Ni) film or a nickel
platinum alloy film, and can be formed by, for example,
sputtering.

Thereafter, the semiconductor substrate SB is subjected to
annealing (annealing for forming the silicide layer Si) to
cause the metal film to react with the respective outer-
surface-moieties of the diffusion regions DF1 and DF2, the
control gate electrodes CG and the memory gate electrodes
MG. In this way, the silicide layer is completed to contact
the respective upper surfaces of the diffusion regions DF1
and DF2, the control gate electrodes CG and the memory
gate electrodes MG. Thereafter, for example, wet etching is
used to remove an unreacted portion of the metal film to
yield a structure illustrated in FIG. 12. The silicide layer S1
may be rendered, for example, a cobalt silicide film, a nickel
silicide film or a nickel platinum silicide film.

Subsequently, an interlayer dielectric IL.1 is formed over
the whole of the main surface of the semiconductor substrate
SB to cover the memory cells MC. The interlayer dielectric
11 is, for example, a simple-substance film such as a silicon
oxide film, and can be formed by, for example, a CVD
method. The formation of the interlayer dielectric IL1 is
attained to give, for example, a film thickness larger than
that of the control gate electrodes CG.

Subsequently, for example, a CMP (chemical mechanical
polishing) method is used to polish the upper surface of the
interlayer dielectric IL1. Thereafter, plural contact plugs CP
are formed.

Specifically, a photoresist pattern (not illustrated) formed
on the interlayer dielectric IL1 by use of a photolithographic
technique is used as an etching mask to dry-etch the inter-
layer dielectric IL1. In this way, contact holes (openings or
through holes) are made which penetrate the interlayer
dielectric IL1.

In the bottom of each of the contact holes, for example,
the following is made exposed: a portion of the silicide layer
S1 on the respective upper surfaces of the diffusion regions
DF1 and DF2, which are portions of the main surface of the
semiconductor substrate SB; a portion of the silicide layer
S1 on the upper surfaces of the control gate electrodes CG;
or a portion of the silicide layer S1 on the upper surfaces of
the memory gate electrodes MG.

Subsequently, the contact plugs CP referred to above,
which are made of, for example, tungsten (W) to be con-
ductive, are formed, as conductors for coupling, in the
contact holes, respectively. For example, a barrier conductor
film (for example, a titanium film, a titanium nitride film or
a laminated film of the two) is formed onto the interlayer
dielectric IL.1 including the contact holes, so as to be formed
also inside the contact holes. Thereafter, a main conductor
film which is, for example, a tungsten film is formed on the
barrier conductor film to embed the individual contact holes
completely, and then unnecessary portions of the main
conductor film and the barrier conductor film, the portions
being outside the contact holes, are removed by, for
example, a CMP method or etching back method. In this
way, the contact plugs CP can be completed.
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The contact plugs CP embedded in the contact holes are
electrically coupled through the silicide layer S1 to the
respective upper surfaces of the diffusion regions DF1 and
DF2, the control gate electrodes CG and the memory gate
electrodes MG. Each of the contact plugs CP is coupled to
the upper surface of the silicide layer S1 on one of the
diffusion regions DF1, the upper surface of the silicide layer
S1 on one of the diffusion regions DF2, the upper surface of
the silicide layer S1 on one of the control gate electrodes
CQG, the upper surface of the silicide layer S1 on one of the
memory gate electrodes MG, or some other.

In order to make the illustration of FIG. 12 simple, the
barrier conductor film and the main conductor film (tungsten
film) configured as the contact plugs CP are illustrated to be
integrated with each other. In the sectional view of FIG. 12,
the contact plugs CP coupled, respectively, to the control
gate electrodes CG and the memory gate electrodes MG are
not illustrated. In other words, some of the entire contact
plugs CP are connected, in regions not illustrated, to the
control gate electrodes CG and the memory gate electrodes
MG extended in the gate width direction.

Next, as illustrated in FIG. 13, a first interconnect layer
including first-layer interconnects M1 is formed on the
interlayer dielectric IL.1 in which the contact plugs CP are
embedded. The interconnects M1 may be formed by the
so-called single damascene technique. The first interconnect
layer has an interlayer dielectric 11.2, and the first-layer
interconnects M1, which penetrates the interlayer dielectric
1L.2. The respective bottom surfaces of the interconnects M1
are coupled to the upper surfaces of the contact plugs CP,
respectively. Although the illustration of subsequent steps is
omitted, a second interconnect layer, a third interconnect
layer and others are formed in turn over the first interconnect
layer to form a laminated interconnect layer. Thereafter, the
workpiece is divided into individual pieces in a dicing step.
In this way, plural semiconductor chips are yielded. Through
the process described hereinbefore, the semiconductor
devices in the present embodiment are produced.
<About Action of Each Nonvolatile Memory>

Referring to FIG. 15, the following will describe an action
example of each of the above-mentioned nonvolatile memo-
ries.

FIG. 15 is a table chart showing an example of conditions
of voltages to be applied to individual moieties of a selected
memory cell, out of the memory cells, at the time of
“writing”, “erasing” and “reading” in the present embodi-
ment. In the table of FIG. 15, at each of the “writing”,
“erasing” and “reading” times, voltages Vmg, Vs, VCG and
Vd, and base voltage Vb are described which are, respec-
tively, a voltage applied to the memory gate electrode MG
of'the memory cell, which is a memory cell MC as illustrated
in FIG. 13, one applied to the source region thereof, one
applied to the control gate electrode CG thereof and one
applied to the drain region thereof, and a base voltage
applied to the p-type well in the upper surface of the
semiconductor substrate.

The selected memory cell referred to herein is a memory
cell selected as a target in which “writing” “erasing” or
“reading” is to be made. In the nonvolatile memory example
illustrated in FIG. 13, the extension region EX1 and the
diffusion region DF1 that are formed in an active region on
the memory-gate-electrode-MG side of each of the memory
cells are configured as a source region while the extension
region EX2 and the diffusion region DF2 that are formed in
an active region on the control-gate-electrode-CG side of the
memory cell are configured as a drain region.
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The voltage-applying conditions shown in the table of
FIG. 15 are a preferred example of voltage-applying con-
ditions. Thus, the voltage-applying conditions are not lim-
ited to this example to be variously changeable as required.
In the present embodiment, the following are defined as the
“writing” and the “erasing”, respectively: the injection of
electrons into the silicon nitride film N1, which is a charge
accumulating part on in the ONO film ON2 (see FIG. 13) of
the memory transistor; and the injection of holes into the
same.

In the table of FIG. 15, the rows A, B, C and D corre-
spond, respectively, to cases where the method for the
writing, and that for the erasing are the following: SSI mode,
and BTBT mode; SSI mode, and FN mode; FN mode, and
BTBT mode; and FN mode, and FN mode.

The SSI mode can be regarded as an action mode of
injecting hot electrons into the silicon nitride film N1 to
make writing in the memory cell. The BTBT mode can be
regarded as an action mode of injecting hot electrons into the
silicon nitride film N1 to make erasing in the memory cell.
The FN mode can be regarded as an action mode of making
writing or erasing by the tunneling of electrons or holes. In
other words, writing in the FN mode can be regarded as an
action mode of injecting electrons into the silicon nitride
film N1 by FN tunnel effect to make writing in the memory
cell; and erasing in the FN mode can be regarded as an action
mode of injecting holes into the silicon nitride film N1 by
FN tunnel effect to make erasing in the memory cell.
Hereinafter, these matters will be specifically described.

The writing mode of such a memory cell is classified into
a writing mode (hot electron injection wiring mode) of
making writing according to hot electron injection by source
side injection, which is named the so-called SSI (source side
injection) mode, and a writing mode (tunneling writing
mode) of making writing according to FN (Flower Nord-
heim) tunneling, which is named the so-called FN mode.

In writing in the SSI mode, for example, voltages as
shown in the column “Writing action voltage” of the row A
or B in the table of FIG. 15 (Vmg=10 V, Vs=5V, Vcg=1 V,
Vd=0.5 V and Vb=0 V) are applied to the respective
moieties of the selected memory cell where writing is to be
made, so that electrons are injected to the silicon nitride film
N1 in the ONO film ON2 of the selected memory cell.

At this time, hot electrons are generated in the channel
region (between the source and the drain) below between the
two gate electrodes (the memory gate electrode MG and the
control gate electrode CG), and the hot electrons are injected
into the silicon nitride film N1, which is a charge accumu-
lating part, below the memory gate electrode MG. The
injected hot electrons (electrons) are trapped into a trapping
level in the silicon nitride film N1 in the ONO film ON2. As
a result, the threshold voltage of the memory transistor is
raised. In short, the memory transistor turns into a writing
state.

In writing in the FN mode, for example, voltages as
shown in the column “Writing action voltage” of the row C
or D in the table of FIG. 15 (Vmg=-12 V, Vs=0 V, Vcg=0
V, Vd=0 V and Vb=0 V) are applied to the respective
moieties of the selected memory cell where writing is to be
made, so that in the selected memory cell, electrons are
tunneled from the memory gate electrode MG to be injected
into the silicon nitride film N1 in the ONO film ON2. In this
way, writing is made. At this time, the electrons are tunneled
from the memory gate electrode MG through the second
oxide silicon film (top oxide film) OX3 by FN tunneling (FN
tunnel effect), so as to be injected into the ONO film ON2.
The electrons are trapped into a trapping level in the silicon
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nitride film N1 in the ONO film ON2. As a result, the
threshold voltage of the memory transistor is raised. In short,
the memory transistor turns into a writing state.

In the FN mode, writing can also be made by tunneling
electrons from the semiconductor substrate SB and thus
injecting electrons into the silicon nitride film N1. In this
case, the writing action voltages may be rendered, for
example, voltages obtained by reversing the pluses or
minuses of values in the column “Writing action voltages”
in the row C or D in the table of FIG. 15.

The erasing mode of such a memory cell is classified into
an erasing mode (hot hole injection erasing mode) of making
erasing according to hot hole injection by BTBT (band-to-
band tunneling), which is named the so-called BTBT mode,
and an erasing mode (tunneling erasing mode) of making
erasing according to FN (Flower Nordheim) tunneling,
which is named the so-called FN mode.

In the BTBT mode, erasing is made by injecting holes
generated by BTBT into the charge accumulating part (sili-
con nitride film Ni). For example, voltages as shown in the
column “Erasing action voltage” of the row A or B in the
table of FIG. 15 (Vmg=-6 V, Vs=6 V, Vcg=0 V, Vd=open
state, and Vb=0 V) are applied to the respective moieties of
the selected memory cell where erasing is to be made. In this
way, holes are generated by a phenomenon of BTBT, and
then accelerated by an electric field to be injected into the
silicon nitride film N1 of the selected memory cell. By the
injection, the threshold voltage of the memory transistor is
lowered. In short, the memory transistor turns into an
erasing state.

In erasing in the FN mode, for example, voltages as
shown in the column “Frasing action voltage” of the row B
or D in the table of FIG. 15 (Vmg=12 V, Vs=0 V, Vcg=0 V,
Vd=0V and Vb=0 V) are applied to the respective moieties
of the selected memory cell where erasing is to be made, so
that in the selected memory cell, holes are tunneled from the
memory gate electrode MG to be injected into the silicon
nitride film N1. In this way, erasing is made. At this time, the
holes are tunneled from the memory gate electrode MG
through the second oxide silicon film (top oxide film) OX3
by FN tunneling (FN tunnel effect) to be injected into the
ONO film ON2. The holes are trapped into a trapping level
in the silicon nitride film N1 in the ONO film ON2. As a
result, the threshold voltage of the memory transistor is
lowered. In short, the memory transistor turns into an
erasing state.

In the FN mode, erasing can also be made by tunneling
holes from the semiconductor substrate SB and thus inject-
ing the silicon nitride film N1. In this case, the erasing action
voltages may be rendered, for example, voltages obtained by
reversing the pluses or minuses of values in the column
“Erasing action voltages” in the row B or D in the table of
FIG. 15.

When reading is made, for example, voltages as shown in
the column “Reading action voltage” of the row A, B, C or
D in the table of FIG. 15 are applied to the respective
moieties of the selected memory cell where reading is to be
made. The voltage Vmg applied to the memory gate elec-
trode MG at the reading time is set to a value between the
threshold voltage of the memory transistor in a writing state
and that of the memory transistor in an erasing state, thereby
making it possible to distinguish the writing state and the
erasing state from each other.
<About Advantageous Effects of Present Embodiment>

Hereinafter, a description will be made about problems of
a semiconductor device of a comparative example illustrated
in FIG. 14, and about advantageous effects of the present
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embodiment. FIG. 14 is a sectional view of this semicon-
ductor device; and with reference to this figure, the action of
the comparative example will be described.

In the step of forming each MONOS memory of a split
gate type, it is conceivable to form a control gate electrode,
an ONO film, a memory gate electrode, and side walls on
both sides of these members, and subsequently use the
control gate electrode, the ONO film, the memory gate
electrode and the side walls as a mask to implant ions into
the member-including workpiece to form diffusion regions
for source/drain regions. In the ion implantation performed
to form the diffusion regions in this step, the dose of the
impurity ions and the injecting energy are high so that the
impurity ions are injected into the memory gate electrode,
which is used as the mask, to spread from the upper surface
thereof to a deep region thereof.

At this time, the following cases are caused: a case where
the impurity ions hit onto the upper surface of each of the
memory gate electrodes reach a middle depth of the memory
gate electrode; and a case where the impurity ions hit onto
the upper surface of the memory gate electrode pass through
the memory gate electrode to reach a region of the ONO film
that is just below the memory gate electrode. The injection
depth of the impurity ions injected into the memory gate
electrode is not even in the whole of the semiconductor
wafer (semiconductor substrate) to be varied between the
memory gate electrodes. In this case, at the time when the
memory gate electrodes will be crystallized by annealing
(for example, the annealing after the formation of the
source/drain regions, which has been described with refer-
ence to FIG. 11) in a subsequent step, a difference is
generated between the memory gate electrodes in the shape
of crystals (grains) configured as the memory gate electrodes
by the difference in impurity distribution between the
memory gate electrodes.

In short, between the memory gate electrodes, the particle
diameter of the grains configured as these electrodes, and
others are varied. Accordingly, even when two or more
finished memory cells are caused to act under the same
voltage conditions, a situation may be caused that a deple-
tion layer is generated in the bottom of some of the memory
gate electrodes while no depletion layer is generated in the
others of the memory gate electrodes. Consequently, a
difference is generated in threshold voltage between the
memory transistors, which include the memory gate elec-
trodes, respectively, so that properties are varied between the
memory cells. Thus, the memories come not to act normally
to cause a problem that the semiconductor device is dete-
riorated in reliability.

Such a problem is caused by the respective impurity
distributions in the memory gate electrodes at the time of the
crystallization. Thus, the problem becomes remarkable, par-
ticularly, when a silicon film laid to form the memory gate
electrodes is formed as an amorphous silicon film at the time
of the formation. Even when the memory gate electrodes are
made of a polycrystal silicon film (polysilicon film) before
the formation of the diftfusion regions, the problem becomes
remarkable in a case where the crystal structure of the
memory gate electrodes is broken by the ion implantation
for forming the diffusion regions, so as to be returned into
an amorphous state.

The problem is a problem caused by the impurity con-
centration difference between the memory gate electrodes.
Accordingly, in the case of introducing the impurity ions
into the silicon film laid to form the memory gate electrodes
when or just after the film is formed, the memory gate
electrodes, which are to be formed after introduction, are to



US 9,472,655 Bl

17

be in a state that the impurities are already distributed into
a predetermined concentration. Thus, even when impurity
ions are to be hit into the memory gate electrodes at the time
of forming diffusion regions, a difference should be small in
impurity concentration between the memory gate electrodes
not to cause the above-mentioned problem easily.

In conclusion, the problem becomes remarkable in the
case of implanting ions to the memory gate electrodes for the
first time in the ion implanting step of forming extension
regions and diffusion regions, when or just after the silicon
film is formed, without introducing any impurity ion into the
silicon film to form the memory gate electrodes.

In the case of using the memory gate electrodes and others
as a mask to attain ion implantation, thereby forming dif-
fusion regions, it is feared that impurity ions penetrate the
memory gate electrodes to hit into a top oxide film config-
ured as an ONO film so that the top oxide film is damaged.
In this case, the reliability of the top oxide film as an
insulating film is deteriorated to cause a problem that a
silicon nitride film below the top oxide film is deteriorated
in property of holding carriers (for example, electrons)
injected into this nitride film. In short, the memory cells are
deteriorated in data holding property. Consequently, the
memories are lowered in action reliability to cause a prob-
lem of lowering the semiconductor device in reliability.

In order to overcome these problems, as illustrated in FIG.
14 as a comparative example, it is conceived that diffusion
regions DF are formed in the state that a dummy ONO film
DON and each dummy memory gate electrode DM are
formed, and subsequently an ONO film and each memory
gate electrode is newly formed.

In other words, in this example, each control gate elec-
trode CG and a dummy ONO film DON are formed over a
semiconductor substrate SB, and then a dummy memory
gate electrode DM is formed in a side wall form to be
adjacent to one of the side walls of the control gate electrode
CG. Subsequently, the dummy memory gate electrode DM
and the control gate electrode CG are used as a mask to
implant ions into the workpiece. In this way, a pair of
diffusion regions DF is formed on both sides of the dummy
memory gate electrode DM and the control gate electrode
CG.

At this time, the impurity ions are hit into the dummy
memory gate electrode DM to spread from the upper surface
of the dummy memory gate electrode DM into the vicinity
of the lower surface thereof. Moreover, out of the impurity
ions, ions penetrating the dummy memory gate electrode
DM give damage to a sacrifice silicon oxide film OX2 as a
top oxide film (below the electrode DM). In this example, in
a subsequent step, the dummy memory gate electrode DM
and the dummy ONO film DON are removed to make the
respective outer surfaces of the control gate electrode CG
and the semiconductor substrate SB exposed, and subse-
quently an ONO film (not illustrated) and memory gate
electrodes (not illustrated) are newly formed. The gate
length of each of the newly formed memory gate electrodes
is substantially the same as that of the dummy memory gate
electrode DM.

The top oxide film configured as the newly formed ONO
film is not damaged by the ion implantation when the
diffusion regions DF are formed, and the memory gate
electrode does not receive the ion implantation. Accordingly,
in the semiconductor device of the comparative example,
respective properties of the memory cells can be prevented
from being varied between these cells by the difference in
impurity distribution between the memory gate electrodes.
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Furthermore, the data holding property can be prevented
from being lowered by the damage of the top oxide film.

However, in the comparative example, the ion implanta-
tion is performed in the state that the dummy memory gate
electrodes DM are formed which each have a gate length
equivalent to that of each of the memory gate electrodes to
be finally formed. In this way, the diffusion regions DF are
formed. Thus, in the comparative example, the interval
between paired ones of the diffusion regions DF is smaller
than in the case of performing ion implantation in the state
that side walls are formed onto side walls of each memory
gate electrode and the corresponding control gate electrode
CG, thereby forming diffusion regions. Accordingly, in the
comparative example, a current flows easily between the
source/drain regions of each of the memory cells to dete-
riorate the characteristic (cut-off characteristic) of prevent-
ing a leakage current between the source/drain regions, that
is, the generation of OFF-state current when the memory cell
is caused not to act. Thus, a problem is caused that the
semiconductor device is lowered in reliability.

The problem becomes more remarkable as the semicon-
ductor device is made finer. Thus, unless this problem is
solved, an improvement of the semiconductor device in
performance is hindered.

When the whole of an ONO film is again formed after the
formation of diffusion regions DF as performed in the
comparative example, much heat is applied to the semicon-
ductor substrate SB concerned in the step of forming the new
ONO film, so that the diffusion regions DF are spread into
a wider scope. Thus, a problem is caused that the cut-off
characteristic is further deteriorated. When re-design is
made for restraining this deterioration in the cut-off property,
considering heat diffusion based on the re-formation of the
ONO film, producing costs of the semiconductor device are
increased.

In the comparative example, ion implantation is per-
formed using, as a mask, the dummy memory gate elec-
trodes DM each having a gate length equivalent to that of
each of the memory gate electrodes remaining after the
finish of the memory cells, and the control gate electrodes
CG. In this way, the diffusion regions DF are formed; thus,
when viewed in plan, each of the diffusion regions DF is
formed to overlap partially with the corresponding control
gate electrode CG and memory gate electrode, or contact
these members.

In other words, when viewed in plan, the diffusion region
DF and the control gate electrode CG contact each other not
to be apart from each other. In the same manner, when
viewed in plan, the diffusion region DF and the memory gate
electrode contact each other not to be apart from each other.
It therefore becomes difficult that at a position nearer to the
channel region, an extension region smaller in impurity
concentration than the diffusion region DF is formed than
the diffusion region DF is formed.

Thus, it becomes difficult to form an LDD structure. This
matter makes it difficult to make the channel of the transistor
configured as each of the memory cells short. Against this
problem, it is conceivable to form each extension region by
implanting ions into a main surface of a semiconductor
substrate SB from an oblique direction. However, when the
extension region is formed in the comparative example, in
which the interval between paired ones of the diffusion
regions DF is small, the resistance value between the source/
drain regions of the corresponding memory cell is further
lowered to cause a problem that the cut-off characteristic is
further deteriorated.
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By contrast, as has been described with reference to FIGS.
3 to 5, in the semiconductor device producing method of the
present embodiment, the silicon film SF2 and the dummy
gate electrodes DMF each having a thickness equivalent to
a value obtained by adding the gate length of each of the
memory gate electrodes MG (see FIG. 11) and the corre-
sponding side wall SW (see FIG. 11), these members MG
and SW being to be subsequently formed, to each other. In
other words, in the step described with reference to FIG. 5,
the ion implantation is performed, using, as a mask, the
dummy memory gate electrodes DMG larger in gate length
than the memory gate electrodes MG; thus, as has been
illustrated in FIG. 8, each of the diffusion regions DF1 can
be formed to be apart from the corresponding memory gate
electrode MG when viewed in plan. Thus, any one of the
extension regions EX1 can be formed in a semiconductor
substrate SB main surface region between the diffusion
region DF1 and the memory gate electrode MG.

In the present embodiment, the diffusion region DF1 for
each of the source regions, and the diffusion region DF2 for
the corresponding drain region are not simultaneously
formed in the step described with reference to FIG. 5, but as
illustrated in FIG. 11, the side walls SW are to be formed in
one of the subsequent steps, and subsequently the side walls
SW are to be used as a mask to implant the ions into the
workpiece to form the diffusion region DF2. Thus, the
diffusion region DF2 can be formed at a position apart from
the corresponding control gate electrode CG when viewed in
plan. Accordingly, each of the extension regions EX2
formed before the formation of the diffusion region DF2 can
be caused to remain between one of the channel regions, and
the corresponding diffusion region DF2.

Thus, in the present embodiment, an LDD structure can
be formed in the source/drain regions configured as portions
of each of the memory cells MS (see FIG. 13). Moreover, its
diffusion regions DF1 and DF2 can be formed to be suffi-
ciently apart from each other, so that the cut-off character-
istic can be prevented from being deteriorated. Additionally,
since the diffusion regions DF1 and DF2 can be formed to
be sufficiently apart from each other, a deterioration in the
cut-off characteristic can be prevented by forming the cor-
responding extension regions EX1 and EX2. Thus, the
resultant semiconductor devices can be improved in reli-
ability.

In order to realize such a structure, it is sufficient for the
silicon film SF2 (see FIG. 3) laid to form the dummy
memory gate electrodes DMG to have a larger film thickness
than the silicon film SF3 (see FIG. 7) laid to form the
memory gate electrodes MG.

In the present embodiment, in the state that the dummy
memory gate electrodes DMG, which are relatively large in
film thickness, the diffusion regions DF1 are formed. There-
after, the dummy memory gate electrodes DMG are
removed, and subsequently the memory gate electrodes MG
are newly formed. When the diffusion regions DF2 are
formed, the memory gate electrodes MG are covered with
the photoresist film PR4 (see FIG. 11). Thus, when ion
implantation is performed to form the diffusion regions DF1
and DF2, no impurity ions are introduced into the memory
gate electrodes MG. It is therefore possible to prevent the
respective properties of the memory cells MC from being
varied therebetween by a variation in impurity ion distribu-
tion between the memory gate clectrodes MG. Thus, the
semiconductor devices can be improved in reliability.

In the step illustrated in FIG. 10, the memory gate
electrodes MG are used as a mask to perform ion implan-
tation for forming the extension regions EX1. However, the
ion implantation is applied to the extension regions EX1 at
a lower dose and a lower energy than ion implantation for
forming the diffusion regions DF1. Accordingly, the impu-
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rity ions hit onto the upper surfaces of the memory gate
electrodes MG do not reach the lower surfaces of the
memory gate electrodes MG. In short, no variation is
generated in impurity ion distribution between the respective
bottoms of the memory gate electrodes MG.

It is therefore possible to prevent the generation of a
situation that a depletion layer is generated in each of the
bottoms of some of the memory gate electrodes while no
depletion layer is generated in each of the other memory gate
electrodes. As a result, it is possible to prevent the memory
cells MC from being varied in properties therebetween by
the generation of a difference in threshold voltage between
the memory transistors, which include these memory gate
electrodes, respectively. Thus, the semiconductor devices
can be improved in reliability.

In this embodiment, without removing the whole of the
ONO film ON1 (see FIG. 5) to form an ONO film newly, at
the time of using the dummy memory gate electrodes DMG
as a mask to form the diffusion regions DF1 the sacrifice
silicon oxide film (top oxide film) OX2 only is removed,
which is a film into which impurity ions are especially easily
hit, in the step described with reference to FI1G. 6. Thereafter,
as has been illustrated in FIG. 7, the second oxide silicon
film (top oxide film) OX3 is newly formed; thus, it is
possible to prevent any damage by the ion implantation for
forming the diffusion regions DF1 from remaining the
second oxide silicon film OX3.

It is therefore possible to prevent the following: each of
the memory cells MC, which has the ONO film ON2 (see
FIG. 13) including the second oxide silicon film OX3, is
lowered in data holding property; and the memory cell MC
is deteriorated in action reliability. Thus, the semiconductor
devices can be improved in reliability.

In the present embodiment, only the top oxide film is
re-formed; accordingly, a thermal load imposed onto the
semiconductor substrate SB after the formation of the dif-
fusion regions DF1 can be made smaller than in the case of
re-forming the whole of the ONO film as performed in the
comparative example. Thus, it is possible to prevent the
impurity ions inside the diffusion regions DF1 from being
further diffused by the formation of the film(s) concerned.
Consequently, the memory cells MC can be prevented from
being deteriorated in cut-off characteristic, thereby improv-
ing the semiconductor devices in reliability.

In the step descried with reference to FIG. 5, portions of
the ONO film ON1 that are exposed from the dummy
memory gate electrodes DMG and the photoresist film PR1
are damaged by ion implantation. Furthermore, the first
silicon oxide film OX1 and the silicon nitride film N1, which
are configured as portions of the ONO film ON1, remain in
the finished memory cells MC.

If the gate length of each of the dummy memory gate
electrodes is equivalent to that of each of the memory gate
electrodes to be subsequently formed, and further the firstly-
formed ONO film is partially caused to remain without
being removed, it is feared that in the ONO film configured
as respective portions of the memory cells, damage remains
which an ONO film region adjacent to the dummy memory
gate electrode receives through the ion implantation for
forming the diffusion regions. This is because damage which
any region of the ONO film that is exposed from the dummy
memory gate electrodes receives remains also in any portion
thereof that is adjacent to the exposed portion and is posi-
tioned just below the dummy memory gate electrodes.

However, portions of the first silicon oxide film OX1 and
the silicon nitride film N1, these portions being further
portions receiving damage through ion implantation in the
step described with reference to FIG. 5 since these portions
are exposed from the dummy memory gate electrodes DMG
larger in gate length than the memory gate electrodes MG,
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are portions positioned in semiconductor-substrate-regions
apart from semiconductor-substrate-regions where the
memory gate electrodes MG are to be subsequently formed.
Moreover, in the step described with reference to FIG. 8, by
removing portions of the first silicon oxide film OX1, silicon
nitride film N1 and second oxide silicon film OX3 that are
exposed from the memory gate electrodes MG, the first
silicon oxide film OX1 and the silicon nitride film N1, which
have received damage in the step described with reference to
FIG. 5, are wholly removed.

In conclusion, regions of the first silicon oxide film OX1
and the silicon nitride film N1 which receive damage
through ion implantation in the step described with reference
to FIG. 5 are apart from regions of the first silicon oxide film
OX1 and the silicon nitride film N1 which are to remain in
the subsequent step illustrated in FIG. 8. In other words,
regions of the ONO film ON1 which receive damage
through ion implantation in the step described with reference
to FIG. 5 are apart from regions of the ONO film ON2 that
are just below the memory gate electrodes MG and that are
to remain after the ONO-film-ON2-partially removing step.
Accordingly, the damage can be prevented from remaining
the ONO film ON2.

In the semiconductor device producing method of the
present embodiment, the above-mentioned advantageous
effects can be produced while the memory cells MC (see
FIG. 13) are formed without increasing the number of masks
to be used from the same number in any method for
producing split gate type MONOS memories in which a
source region of any memory cell and a drain region thereof
are formed through different ion implanting steps. This is
because the films configured as the ONO films ON1 and
ON2, and the dummy memory gate electrodes DMG can be
formed in a self-aligned manner without using any mask.

Furthermore, the above-mentioned advantageous effects
can be produced while the memory cells MC are formed
without increasing the number of steps to be used from the
same number in any case of including: configuring memory
cells and forming any source region and any drain region
each having an L.DD structure through different ion implant-
ing steps; and further re-forming memory gate electrodes
and the whole or portions of an ONO film as performed in
the comparative example. Thus, the present embodiment can
produce the above-mentioned advantageous effects while
preventing an increase in costs for producing semiconductor
devices.

The above has specifically described the invention made
by the inventors by way of the embodiment thereof. How-
ever, the invention is not limited to the embodiment. Thus,
it is needless to say to change the embodiment variously as
far as the changed embodiments do not depart from the
subject matters of the invention.

For example, any one of the steps described with refer-
ence to FIGS. 9 and 10 may be earlier performed. Moreover,
the extension regions EX1 and EX2 illustrated in FIGS. 9
and 10 may be formed through the same ion implanting step.

What is claimed is:

1. A method for producing a semiconductor device,

comprising the steps of:

(a) preparing a semiconductor substrate;

(b) forming a gate insulating film and a control gate
electrode in turn over a main surface of the semicon-
ductor substrate;

(c) forming a first insulating film including therein a
charge holding portion over the semiconductor sub-
strate to cover the control gate electrode;
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(d) forming a first sacrifice film in a side wall form over
respective side walls of the control gate electrode on
both sides of the control gate electrode to interpose a
first insulating film between each of the side walls and
the control gate electrode;

(e) using, as a mask, a portion of the first sacrifice film that
is adjacent to one of the side walls of the control gate
electrode to implant impurity ions of a predetermined
conductivity type into the main surface of the semi-
conductor substrate, thereby forming a first semicon-
ductor region;

() removing, after the step (e), the first sacrifice film;

(g) forming a memory gate electrode at a position adja-
cent to one of the side walls of the control gate
electrode, the side wall being the first-semiconductor-
region-side side wall;

(h) removing a portion of the first insulating film that is
exposed from the memory gate electrode;

(1) forming a second semiconductor region of the con-
ductivity type over a region out of main surface regions
of the semiconductor substrate that are adjacent to the
control gate electrode, the region being a main surface
region opposite to a memory-gate-electrode-positioned
region of these main surface regions, and forming a
third semiconductor region of the conductivity type
over a main surface region of the semiconductor sub-
strate, the region being between the memory gate
electrode and the first semiconductor region; and

(j) forming a fourth semiconductor region of the conduc-
tivity type over a main surface region of the semicon-
ductor substrate, the main surface region being on a
side of the control gate electrode and being opposite to
the memory-gate-electrode-positioned region of the
main surface;

wherein the second and third semiconductor regions are
smaller in impurity concentration than the first and
fourth semiconductor regions; and

wherein the first, second, third and fourth semiconductor
regions, the control gate electrode, and the memory
gate electrode are configured as a memory cell of a
nonvolatile memory.

2. The method for producing a semiconductor device

according to claim 1,

wherein in a direction of the gate length of the control gate
electrode, the width of the first sacrifice film is larger
than the gate length of the memory gate electrode.

3. The method for producing a semiconductor according

to claim 1,

wherein in the step (c), the first insulating film is formed
to include a second insulating film, a charge accumu-
lating film, and a second sacrifice film that are formed
in this order over the semiconductor substrate,

wherein in the step (f), the first sacrifice film and the
second sacrifice film are removed, and

wherein after the step (f) and before the step (g), a third
insulating film is formed which covers the charge
accumulating film.

4. The method for producing a semiconductor according

to claim 3,

wherein after the step (j), the third insulating film is
smaller in impurity concentration than the charge accu-
mulating film.

5. The method for producing a semiconductor according

to claim 1,

wherein after the step (j), the ratio of the concentration of

phosphorus to that of arsenic in the memory gate
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electrode is smaller than the ratio of the concentration
of phosphorus to that of arsenic in the first insulating
film.
6. The method for producing a semiconductor according
to claim 1,
wherein the second and third semiconductor regions are
smaller in region-formed depth than the first and fourth
semiconductor regions.
7. The method for producing a semiconductor according
to claim 1,
wherein in the step (i), the second and third semiconduc-
tor regions are formed by implanting ions to the main
surface of the semiconductor substrate, and
wherein in the steps (e) and (j), the first and fourth
semiconductor regions are each formed by the ion
implantation, or ion implantation at a higher energy
than by the ion implantation performed in the step (i).
8. The method for producing a semiconductor according
to claim 1,
further comprising, after the step (i) and before the step
(j), the step (j1) of forming a fourth insulating film
which is in a side wall form and which is adjacent to
one of the side walls of the control gate electrode, the
side wall being a side wall opposite to the memory-
gate-electrode-side side wall.
9. The method for producing a semiconductor according
to claim 1,
wherein in the step (j), the fourth semiconductor region is
formed in a state that the memory gate electrode is
covered with a protective film.
10. The method for producing a semiconductor according
to claim 1,
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wherein after the step (j), the memory gate electrode is
smaller in impurity concentration than the first semi-
conductor region.

11. The method for producing a semiconductor according

to claim 1,

wherein in the step (e), the position of a region of the first
insulating film that is exposed from the first sacrifice
film is apart from a region of the first insulating film
that is positioned just below the memory gate electrode
in the step (h).

12. The method for producing a semiconductor according

to claim 1,

wherein in the step (g), the memory gate electrode is
formed in an amorphous state.

13. The method for producing a semiconductor according

to claim 1,

wherein the memory gate electrode formed in the step (g)
comprises an intrinsic semiconductor.

14. The method for producing a semiconductor according

to claim 1,

wherein the step (i) comprises the steps of:

(11) forming the second semiconductor region of the
conductivity type by applying ion implantation to the
main surface region of the semiconductor substrate, the
region being on the side of the control gate electrode
and being opposite to the memory-gate-electrode-po-
sitioned region of the main surface; and

(12) forming the third semiconductor region of the con-
ductivity type by applying ion implantation to the main
surface region of the semiconductor substrate, the
region being between the memory gate electrode and
the first semiconductor region, by use of the memory
gate electrode as a protective film.
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